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In Brief
Hattori et al. reveal that the male mouse pheromone ESP1 is a signaling molecule responsible for the pregnancy block. The female mated with a male memorizes the amount of ESP1 from the partner as an individual signature. Differences in the amount of ESP1 inhibit prolactin release and induce pregnancy block.
The Bruce effect refers to pregnancy termination in recently pregnant female rodents upon exposure to unfamiliar males [1] . This event occurs in specific combinations of laboratory mouse strains via the vomeronasal system [2, 3] ; however, the responsible chemosensory signals have not been fully identified. Here we demonstrate that the male pheromone exocrine gland-secreting peptide 1 (ESP1) is one of the key factors that causes pregnancy block. Female mice exhibited high pregnancy failure rates upon encountering males that secreted different levels of ESP1 compared to the mated male. The effect was not observed in mice that lacked the ESP1 receptor, V2Rp5, which is expressed in vomeronasal sensory neurons. Prolactin surges in the blood after mating, which are essential for maintaining luteal function, were suppressed by ESP1 exposure, suggesting that a neuroendocrine mechanism underlies ESP1-mediated pregnancy failure. The single peptide pheromone ESP1 conveys not only maleness to promote female receptivity but also the males' characteristics to facilitate memorization of the mating partner.
RESULTS AND DISCUSSION
The Bruce effect refers to pregnancy failure in female mice when they are exposed to an unfamiliar male [1] . Pregnancy is terminated only when the exposure to a novel male coincides with prolactin (PRL) surges in the blood, which occur twice daily after mating. The PRL surges are essential for maintaining luteal function during early pregnancy [4] . It has been suggested that some chemosensory signals from males activate the vomeronasal sensory system in pregnant females, leading to suppression of the PRL surges and subsequent pregnancy termination [5] . The Bruce effect is observed in mice, but pregnancy termination by unfamiliar males has also been reported in other species, such as voles and geladas [6, 7] . Some evolutionary hypotheses have been proposed for the biological function of the Bruce effect. For example, the Bruce effect may contribute to the preservation of high-quality reproductive resources in dominant males and/or increase the fitness advantage to avoid the risk of infanticide by unmated males [7] . The biological mechanisms underlying the Bruce effect have to be revealed to solve this debate in the future.
The Bruce effect has been well studied in laboratory mice. Usually, exposure of a recently mated female only to urine from an unfamiliar male can cause pregnancy block. Pregnancy block is not observed within the same strain of mice, but it occurs with specific combinations of different strains. Thus, it has been proposed that some strain-selective chemosensory signals are involved in the termination of pregnancy. Differences in the type of major histocompatibility complex (MHC) have been proposed to be responsible for the Bruce effect [2] . However, the Bruce effect does not occur even within some strain combinations that possess different MHC types [3] . Additionally, the Bruce effect is not observed when pregnant females are exposed to an unfamiliar castrated male operated at 4 weeks of age [8] . These observations suggest that, in addition to MHC peptides, a compound involved in the effect must exist and this compound is testosterone dependent and thus male specific.
Exocrine gland-secreting peptide 1 (ESP1) is a testosteronedependent peptide that is released into the tear fluids of adult male mice. Females sniff and recognize ESP1 via a specific receptor called V2Rp5 that is expressed in the vomeronasal sensory neurons, resulting in an increase in sexually receptive behavior in the female [9] . In contrast, toward males, ESP1 functions as an aggression signal [10] . Thus, ESP1 is a male pheromone that induces specific behaviors in both females and males. Among laboratory mice strains, some strains secrete ESP1, whereas others do not [9, 11] . Hence, it is reasonable to hypothesize that, in addition to male signals, ESP1 conveys information about the strain, and, therefore, differences in the secretion levels of ESP1 among strains may be a factor that distinguishes the mating and exposure males in experiments investigating the Bruce effect.
Strain-Specific Combination of Males Determines Whether the Bruce Effect Occurs
We initially examined the Bruce effect in various combinations of strains. C57BL/6J (B6) females were mated with BALB/c (BALB; Figure 1A ), DBA/2 (DBA; Figure 1B ), B6 ( Figure 1C ), or ICR (Figure 1D ) males for 12 hr; removed and housed individually for 1 day after a vaginal-plug check; and subsequently exposed to BALB, DBA, B6, or ICR males for 48 hr. On day 7, the females were euthanized and the embryos were accessed by an experimenter blind to the conditions of the study. High pregnancy failure rates were observed in the BALB and B6, BALB and ICR, DBA and B6, and DBA and ICR combinations, whereas the pregnancy failure rates were low in the BALB and DBA and B6 and ICR combinations, as well as within the same strain of mice ( Figure 1 ). These results suggest that strain-specific combinations of the mating male and second-exposure male are required for the Bruce effect to occur. BALB and DBA strains secrete ESP1 whereas ICR and B6 do not [9] . Thus, our data suggest that the Bruce effect occurs when the mating strain secretes ESP1 and the exposure strain does not secrete ESP1 or vice versa. When both the mating and exposed males secreted ESP1 or when both did not secrete ESP1, the pregnancy failure rate was low.
These observations may account for the Bruce effect due to the strain-specific differences in the secretion level of ESP1.
Difference in ESP1 Secretion Is Sufficient to Induce the Bruce Effect
We next investigated whether ESP1 directly affected the pregnancy failure rate when females were exposed to ESP1 prior to encountering mating male or second-exposure male (more details are outlined in Figures S1A and S1B ). In females that were mated with ICR males (ESP1 À ) followed by exposure to B6 males (ESP1 À ), pregnancy failure did not occur. However, when females were exposed to ESP1 prior to mating, the failure rate increased dramatically (80%) in comparison with the control (20%; Figure 2A) . Additionally, when females were exposed to ) and encountering males of the same strain. (C) Females were exposed to ESP1 or another vomeronasal activator (ESP4, ESP mix, or BALB urine) and then were mated with ICR males and exposed to B6 males. The chi-square test followed by Bonferroni-Holm correction revealed significant differences among the groups (differences between each column, *p < 0.05; a versus b, p < 0.05). Shaded boxes, ESP1-secreting mice (ESP1 + ); white boxes, non-ESP1-secreting mice (ESP1 À ). See also Figures S1A and S1B.
ESP1 prior to the second exposure to B6 males, the failure rate increased ( Figure 2A ). In contrast, when B6 females were exposed to ESP1 prior to mating and at the second exposure, the pregnancy failure rate was low ( Figure 2A ). Even when females received a second exposure to the same mating strain, either ICR or B6, exposure to ESP1 before mating induced a higher pregnancy failure rate ( Figure 2B ). These results suggest that the Bruce effect occurs even in mice that carry the same MHC haplotypes and that ESP1 is a candidate molecule involved in the effect.
Because the ESP1 signal is received by the vomeronasal sensory system, we tested other vomeronasal activators such as ESP4 and a mixture of the ESP family of peptides. Exposure of B6 females to these activators prior to mating with ICR males did not cause pregnancy failure ( Figure 2C ). Pre-exposure to BALB urine also did not affect the pregnancy failure rate (Figure 2C ). We also tested MUP3, which was discovered as a male signal and stimulates male-male aggression, as a candidate molecule in BALB urine, but it was not sufficient to induce Bruce effects ( Figure S2 ). These results indicate that differences in ESP1 secretion between mating and second-exposure males are a key signal of the change in male cues in environment related to the unfamiliarity of the male surroundings, leading to pregnancy block.
ESP1 Induced the Bruce Effect via the Specific Receptor V2Rp5
To examine whether the effect of ESP1 was mediated by the ESP1 receptor V2Rp5, we assessed the pregnancy failure rate in B6 females that genetically lacked V2Rp5 [9] . When wildtype (V2Rp5 +/+ ) or V2Rp5 heterozygous (V2Rp5 +/À ) females were mated with BALB males (ESP1 + ) and exposed to B6 males (ESP1 À ), high pregnancy failure rates were observed ( Figure 3 ). When these females were pre-exposed to ESP1 prior to mating with ICR males (ESP1 À ), high pregnancy failure rates were observed upon exposure to B6 males (ESP1 À ). In contrast, the V2Rp5-null (V2Rp5
) females showed low pregnancy failure rates under the conditions that induced high pregnancy failure rates in the wildtype mice. We also assessed the pregnancy failure rate in females that had already been exposed to ESP1 before the test. BALB females had been exposed to ESP1 in their first 3 weeks together with their sires, who naturally secrete ESP1 in the same situation as in the natural environment. Then, we determined whether the ESP1 effect occurred in females that encountered ESP1 prior to mating using BALB females, together with BALB females that genetically lacked V2Rp5 [9] . When wildtype (V2Rp5 +/+ ) or V2Rp5 heterozygous (V2Rp5
) females were pre-exposed to ESP1 prior to mating with ICR males, high pregnancy failure rates were observed upon exposure to the B6 male as the second-exposure male ( Figure S3 ). However, the V2Rp5-null (V2Rp5 À/À ) females showed low pregnancy failure rates ( Figure S3 ). These results were comparable to those of B6 females that genetically lacked V2Rp5. These results clearly demonstrate that the ESP1-induced Bruce effect is mediated by V2Rp5 in the vomeronasal sensory system.
Females Exposed to ESP1 Showed that the Bruce Effect Was Caused by PRL Surge Blockade
Pregnancy block occurs only if the females are exposed to unfamiliar male signals during the twice daily PRL surges [12] . These PRL surges are necessary for progesterone production and embryonic development, and, therefore, PRL plays an essential role in maintaining luteal function. We hypothesized that exposure to ESP1 would result in PRL surge blockade in pregnant females. When B6 females mated with ICR males (ESP1 À ) were not exposed to ESP1 or exposed to ESP1 only once either during the day/night PRL surge (more details are outlined in Figures  S1A and S1C) , low pregnancy failure rates were observed (Figure 4A) . In contrast, when the females were exposed to ESP1 twice during both PRL surges without any male subject, they showed high pregnancy failure rates ( Figure 4A ). When the females were pre-exposed to ESP1 prior to mating with ICR males (ESP1 À ), the females showed low pregnancy failure rates, regardless of ESP1 exposure during the PRL surges ( Figure 4B ). These results suggest that exposure to ESP1 without males during the two PRL surges induces pregnancy failure in pregnant females mated with non-ESP1-secreting males. Tris-HCl stimulation itself had no potential to induce pregnancy block when females were mated under ESP1 stimulation; therefore, some chemicals other than ESP1 induce pregnancy failure when females mated with ESP1-secreting males are then exposed to non-ESP1-secreting males. In addition, we measured the plasma PRL levels by using enzyme immunoassays when females were exposed to ESP1 during PRL surges. Plasma PRL levels were lower in B6 females mated with ICR males (ESP1 À ) and exposed to ESP1 than in females that were not exposed to ESP1 ( Figure 4C ). When B6 females were mated with ICR males in the presence of ESP1, the plasma PRL level did not decrease upon exposure to ESP1 ( Figure 4C ). When the soiled bedding of BALB males (ESP1 + ) was utilized rather than ESP1, exposed B6
females exhibited lower plasma PRL levels compared to the levels in females exposed to soiled bedding of B6 males (Figure 4D) . When B6 females that were mated with ICR males in the presence of ESP1 were exposed to the soiled bedding of BALB males, high plasma PRL levels were observed ( Figure 4D ). Then, when the females were exposed to the soiled bedding of B6 males, the PRL levels decreased ( Figure 4D ). Together with the previous results, in which a single exposure of ESP1 with the second male induction was sufficient to induce pregnancy block (Figure 2A) , the ESP1 in bedding can be available to females for a couple of days. These results clearly demonstrate that ESP1 blocks the PRL surge, leading to pregnancy failure.
General Conclusions
In this study, we identified ESP1 as a novel molecule contributing to the strain signature involved in the Bruce effect that was first described more than a half century ago. Previous studies have revealed that the key molecule responsible for the Bruce effect is non-volatile and sensed by the vomeronasal system. For example, exposure of a recently mated female only to urine from an unfamiliar male, especially lower-molecular-weight components in male urine, has been shown to cause pregnancy block, suggesting that male urine contains some chemosignals other than ESP1 that have the potential to induce the Bruce effect [13] . Our data also strongly support the existence of additional male signals, probably in urine, that stimulate the Bruce effect in addition to ESP1. A female memorizes the combination of ESP1 and unidentified signals secreted from a male upon mating, and when an unfamiliar male secreting a different amount of ESP1 makes close contact with the pregnant female during the PRL surges, pregnancy failure occurs. The current study clearly demonstrates that ESP1 is not only a pheromone that enhances socio-sexual behavior but also functions as a primer pheromone acting as a component of a signature mixture and changing the endocrine status via the vomeronasal neural system. The neural mechanisms underlying the induction of the Bruce effect by ESP1 have yet to be elucidated. One possible mechanism is that ESP1 information is transmitted into the dopamine neurons in the arcuate nucleus and that these neurons inhibit PRL secretion [14] . It is also possible that ESP1 stimulates the gonadal axis, including GnRH, and causes changes in reproductive endocrine function, leading to inhibition of the lactotroph pathway. We previously reported that ESP1 enhanced female receptivity upon male mounting behavior; therefore, another possibility is that ESP1 increased female sexual behavior resulting in increased male intromission and that vaginal stimulation caused pregnancy block. This last possibility, however, is unlikely because of the following reasons: (1) when females were pre-exposed to ESP1 during mating, the second exposure to ESP1 was not effective to induce pregnancy block; and (2) exposure to ESP1 without a male mouse twice during the PRL surge was sufficient to induce pregnancy block. Further studies are needed to clarify the neural mechanism for the induction of the Bruce effect by ESP1.
The evolutionary advantages of pregnancy block have been debated extensively, but none of the proposed advantages have been scientifically confirmed. One possible advantage of pregnancy block is that it allows females to mate with a new territorial resident male who is different from the male the female mated with previously [15, 16] . Thus, the Bruce effect would allow females to eventually produce the offspring of a new resident male [17] . In this case, it is reasonable to hypothesize that multiple factors that 
males, they were combinationally exposed to ESP1 or Tris-HCl during the day and/or night surge of PRL on day 2. The chi-square test followed by Bonferroni-Holm correction revealed significant differences between the groups (differences between each column, *p < 0.05; n.s., no significant difference between each column). (C and D) Females were mated with ICR (ESP1 À ) males after stimulation with ESP1 or Tris-HCl. In day 2 during the day surge of PRL, they were exposed to (C) ESP1 or Tris-HCl or (D) soiled bedding from BALB (ESP1 + ) or B6 (ESP1 À ) mice. One-way ANOVA followed by Bonferroni post hoc corrections revealed significant differences among the groups, stimulus combinations, (C, F [3, 50] determine individuality are responsible for the Bruce effect and that ESP1 is one of the key factors that mediate this effect. Indeed, exposure to urine of different strains from mating males was sufficient to induce pregnancy block, and the addition of 9 amino acid peptides (mimicking MHC class 1 peptide ligands contained in the urine of different strains from the mating male) to mating male urine was also sufficient to induce pregnancy block [2] . Discovering the undefined male signal(s) would reveal the whole picture of the molecular mechanisms underlying the Bruce effect. Notably, in wild-derived male mice, the secretion levels of ESP1 are higher than the levels observed in laboratory mice; moreover, the levels differ between individual mice [9, 11] . As shown in Figures S2 and S4 , there might be a threshold to the amount of ESP1 that stimulates pregnancy block; 20 mg of rESP1 corresponds to $1/20-1/50 of the daily natural BALB male tear secretion. Therefore, the differences in ESP1 levels among wild mice, higher or lower than the threshold, may partly account for the Bruce effect. However, whether the Bruce effect occurs under natural conditions and whether it is beneficial for wild populations are debatable. Nonetheless, the discovery of a key molecule responsible in the Bruce effect in laboratory mice will certainly facilitate investigations aiming to understand the effects of chemosensory signals on the process of reproduction.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
All animals were housed under a standard 12-h light/dark cycle (lights on from 6:00 to 18:00), and the environment was maintained at a constant temperature (24 ± 1 C) and humidity (50% ± 5%). Food and water were provided ad libitum. This study was approved by the Ethics Committee of the Azabu University and The University of Tokyo, Japan.
For the pregnancy-block test, sexually naive female C57BL/6J (B6) mice were purchased from Japan SLC (Hamamatsu, Japan) and housed in groups of six individuals per cage (175 3 245 3 125 mm) before testing. V2Rp5 null-B6 mice and V2Rp5 null-BALB mice were bred at The University of Tokyo and backcrossed with B6 or BALB mice for more than 10 generations after they were transferred to the Azabu University [9] . Then, the subject mice were generated by V2Rp5 heterozygous mating. These genotypes were confirmed in the transgenic mice pups by using a polymerase chain reaction-based genotyping protocol, with DNA purified from pup tail clips [10] . Pups were weaned when they were 28 days old and housed in same-sex groups until they were 8 weeks old, and females were used for the pregnancy-block test.
To generate the ''mating male'' and ''second-exposure male,'' sexually naive BALB/c (BALB), DBA/2 (DBA), B6, and ICR males, purchased from Japan SLC, were housed with age-matched B6 females to enable them to become sexually experienced. Then, these males were used in the subsequent pregnancy-block test (BALB, n = 6; DBA, n = 6; B6, n = 6; ICR, n = 5).
METHOD DETAILS

Chemical stimulation
We transfused 100 mL of 0.1M Tris-HCl (pH 7.5) with 20, 6, or 2 mg of ESP1 on a piece of cotton. The amount of 20 mg of ESP1 corresponds to approximately 1/20-1/50 of the daily natural ESP1 secretion in males. ESP4 (20 mg/100 mL of Tris-HCl), a mixture of ESP6/ 16/31 (ESP mix, 20 mg/100 mL of Tris-HCl), intact BALB male urine (60 mL), MUP3 (250 mg/ 100 mL of Tris-HCl), or Tris-HCl (100 mL) was used as the other stimulant. Intact male urine consisted of a mixture of urine collected prior to the experiment from several mice. These urine samples were dispensed in 60 mL aliquots and stored at À20 C until use. These pheromonal stimuli were transfused onto a piece of cotton, and presented to the subject female mice as described previously [9, 10] . Female mice in the ESP1, ESP4, and ESP mix groups were exposed to the stimuli 0.5 hr prior to encountering the mating male or second-exposure male, during which the subject females were able to make free contact with the cotton. Male urine was presented 5 min prior to the behavioral test.
Bruce effect experimental procedures
All test females (B6 and V2Rp5 null-B6) in proestrous or early estrous phase, as assessed by vaginal smears for 3-4 consequence days in the afternoon every day (between 13:00 and 14:00), were housed in test cages (125 3 200 3 110 mm; Day 0). The following REAGENT five experiments were conducted subsequently. The time line of stimulation and introducing male details were described in Figure S1 . Experiments in Figure 1 Females were mated with one male from each of the four different strains (mating male) in individual cages overnight from 18:00 onward. The next morning, females with vaginal plugs (checked at 6:00 in the morning) were removed from each mating male and housed individually (Day 1). On Day 2, in the morning (6:00), the females were exposed to unfamiliar males from each of the four strains (second-exposure male) for 48 hr. In the morning of Day 4, the second-exposure males were removed, and the beddings were changed in the test cages. On Day 7, the test females were housed individually for 72 hr, then sacrificed and their uteri were examined for implantation sites. The number of females in each group was as follows: (A) Second-exposure male; B6, n = 8, ICR, n = 14, DBA, n = 11, BALB, n = 10. (B) Second-exposure male; B6, n = 14, ICR, n = 15, BALB, n = 17, DBA, n = 12. (C) Second-exposure male; BALB, n = 10, DBA, n = 11, ICR, n = 13, B6, n = 11. (D) Second-exposure male; BALB, n = 17, DBA, n = 13, B6, n = 14, ICR, n = 11. Experiments in Figures 2A and 2B Females were exposed to ESP1 or Tris-HCl for 0.5 hr and then, the mating B6 or ICR were introduced. On Day 2, the females were exposed to either ESP1 or Tris-HCl before being introduced to the second-exposure males (B6, see Figures S1A and S1B). Other females were introduced to each same mating males. All subsequent procedures were performed as described in (1) . The number of females in each group was as follows: (A) Pre-stimuli of Tris-HCl and Tris-HCl, n = 14; ESP1and Tris-HCl, n = 13; Tris-HCl and ESP1, n = 11, ESP1 and ESP1, n = 10. (B) Pre-stimuli of Tris-HCl prior to introducing B6, n = 11, ESP1, n = 6; Pre-stimuli of TrisHCl prior to introducing ICR, n = 11, ESP1, n = 16. Experiments in Figure 2C Females were exposed to one of the following chemical stimuli: ESP1, ESP4, ESP mix, BALB urine, or Tris-HCl. Subsequently, the mating males (ICR) were introduced into these cages. On Day 2, each female was exposed to the second-exposure males (B6). All subsequent procedures were performed as described in (1) .The number of females in each group was as follows: Pre-stimuli of ESP1, n = 16; ESP4, n = 13; ESP mix, n = 11; BALB urine, n = 13; Tris-HCl, n = 11. Experiments in Figure 3 We used female V2Rp5 gene-targeted transgenic B6 as subject females, and divided them into three groups. Group 1 females were mated with BALB males on Day 0, and housed with second-exposure males (B6) on Day 2. Group 2 females were mated with ICR males and then exposed to B6 males. Group 3 females were exposed to ESP1 prior to mating with ICR males, and then exposed to B6 male. All subsequent procedures were performed as described in ( Experiments in Figures 4A and 4B Females were exposed to either ESP1 or Tris-HCl, and then mated with ICR males. Subsequently, females were exposed to either ESP1 or Tris-HCl during the two PRL surge peaks at 2:00 and 17:00 (see Figures S1A and S1C ). Eight-days after mating, the females were sacrificed, and their uteri were examined for implantation sites. The number of females in each group was as follows: (A) Day 2-exposure stimuli combination between 2:00 and 17:00, Tris-HCl and Tris-HCl, n = 10; Tris-HCl and ESP1, n = 10; ESP1 and Tris-HCl, n = 12; ESP1 and ESP1, n = 13. (B) Tris-HCl and Tris-HCl, n = 9; Tris-HCl and ESP1, n = 11; ESP1 and Tris-HCl, n = 11; ESP1 and ESP1, n = 13.
PRL enzyme immunoassay
As shown in Figures 4C and 4D , females were exposed to either ESP1 or Tris-HCl before ICR stud males were introduced. The next day, in the morning, the stud males were removed, and plugged females were individually housed. Then, females were divided into two groups; half the females were exposed to ESP1 or Tris-HCl, and the other half were exposed to soiled bedding of BALB or B6 mice during the peak surge of PRL for 1.5 hr. The females were anesthetized with sodium pentobarbital (50 mg/kg), and blood was collected with a 1-mL syringe by cardiopuncture. The samples were centrifuged at 4500 rpm for 15 min at 4 C. Serum PRL levels were estimated with a mouse PRL enzyme immunoassay kit according to the manufacture's protocol (Bertin Pharma, France).
